Introduction {#sec1}
============

Well-dispersed functional nanoparticles (NPs) in a conductive carbon host are particularly important for electrochemical energy storage, electrochemical catalysis, and photocatalysis, among other applications.^[@ref1]−[@ref6]^ The conductive support can not only effectively transport electrons and heat generated during electrochemical reactions, but also disperse the nanoparticles from severe aggregation.^[@ref7]^ To date, two main strategies have been developed for the synthesis of NPs decorated on carbon-based materials: (1) synthesis-then-assembly^[@ref5],[@ref8]−[@ref10]^ and (2) *in situ* growth.^[@ref11]−[@ref16]^ For synthesis-then-assembly methods, a suspension of synthesized nanoparticles are introduced to the porous carbon matrix by impregnation and then drying. Such approaches allow for precise control of the NPs' size, phases, and structures by wet chemistry synthesis, and then the synthesized NPs are redispersed onto support.^[@ref17]−[@ref20]^ Dispersion agents are usually required to stabilize the nanoparticle solutions, which can leave a residue on the nanoparticle surface and may deteriorate performance.^[@ref14],[@ref21]−[@ref24]^ More often the NPs are prepared *in situ* on a carbon support via chemical reduction or hydrothermal reaction as a simple and low-cost method,^[@ref11]−[@ref16]^ and sometimes via physical methods, such as electron beam radiation^[@ref25]−[@ref27]^ and selective surface functionalization.^[@ref28]^ Since carbon is nonwetting with most metals and the interaction between metal NPs and carbon surface is weak,^[@ref29]^ the as-formed nanoparticles are prone to agglomerate and redistribute during the synthesis and post heat treatments.^[@ref16],[@ref24],[@ref30]−[@ref33]^

As the growth and aggregation of nanoparticles are time dependent diffusion and migration processes, it is critical to synthesize ultrafine NPs over a short time and quench the process to prevent or, at least, minimize agglomeration. While conventional high temperature synthesis methods, such as spray pyrolysis and combustion, are fast (several seconds to minutes), a well controllable heating method is desirable for the control of both the high temperature heating process and also the resultant particle size and distribution.^[@ref34]−[@ref36]^

Here we report a one-step thermal shock method for rapid, *in situ* and surfactant-free synthesis of well-dispersed nanoparticles on a carbon matrix. Ultrafast thermal decomposition (400,000 K/s ramp rate) of metal salts on a carbon support was achieved by electrical Joule heating for 5 ms at high temperature (∼2000 K). Palladium (Pd) nanoparticles acted as the model system, however, gold (Au), iron (Fe), and tin (Sn) were also demonstrated using the proposed universal synthesis method. Due to a short thermal shock duration followed by ultrafast cooling, the metal atoms have limited time for migration, resulting in uniformly distributed NPs on the carbon support. In addition, the size distribution of the NPs strongly depends on the thermal shock duration; namely, a faster thermal shock process yields smaller nanoparticles with a more uniform size distribution. Compared to other synthesis methods for assembling nanoparticles on a carbon matrix, the proposed thermal shock process is facile and ultrafast and yields high purity and evenly distributed nanoparticles. By electrical Joule heating, the temperature can reach ∼3000 K, which enables the decomposition of most metal salts. Thus, a range of nanoparticles can be readily fabricated on carbon-based materials using this universal and ultrafast thermal shock method.

Results and Discussion {#sec2}
======================

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a is a schematic representation of the proposed high temperature thermal shock method where NPs are rapidly assembled onto carbon nanofibers (CNFs). Pd nanoparticles were chosen as the model system to investigate the process--structure relationship in the proposed synthesis method. The pristine CNFs were dipped in an aqueous solution of PdCl~2~ (1 mg/mL) and dried in an oven to prepare PdCl~2~-coated CNFs for the rapid thermal shock process. The rapid thermal shock was triggered by Joule heating, where the thermal energy can be easily controlled by the applied current. In a typical process, CNF-PdCl~2~ was heated to ∼2000 K for 5 ms and cooled down immediately. The high temperature in the thermal shock process leads to the *in situ* thermal decomposition of PdCl~2~ at 590--740 °C and the formation of Pd nanoparticles on the CNFs; the short shock time limits the diffusion and migration of the as-formed Pd nanoparticles and enables a uniform NP distribution across the CNFs. Note that CNFs were chosen as a suitable carbon matrix due to its open network structure for gas releasing and also can be used for filtration purposes such as air or water purification.

![Synthesis of Pd NPs on CNFs via a rapid, high temperature thermal shock method. (a) Schematic to show the Pd NP formation process. Metal salt precursor PdCl~2~ is formed on the pristine CNF surface by a dip-coating method and then treated with a rapid thermal shock by Joule heating, which results in Pd NPs loading the carbon matrix. By utilizing different shock times, the NP size can be tuned: a faster shock creates smaller particle sizes. (b) SEM image of Pd/CNF formed by a 1 s thermal shock. (c) TEM image of Pd/CNF formed by a 5 ms thermal shock.](oc-2016-00374y_0001){#fig1}

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,c depicts the scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of Pd-decorated CNFs after a 1 s and 5 ms thermal shock at ∼2000 K. A large number of Pd nanoparticles were formed and uniformly distributed along the CNFs. The average size of Pd nanoparticles formed by the 5 ms shock (∼4 nm) is much smaller compared to the 1 s shock (∼27 nm), demonstrating the temporal confinement of shock time on the synthesis of ultrafine NPs. The corresponding SEM images of CNF and CNF-PdCl~2~ can be found in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00374/suppl_file/oc6b00374_si_001.pdf).

The rapid thermal shock process was triggered by electrical Joule heating, and its temperature was controlled by the input electrical power.^[@ref37]−[@ref43]^ The carbon-based samples were attached to copper electrodes, placed in an argon environment, and connected to an external current source (Keithley 2400). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows images of the CNF-PdCl~2~ (3 mm × 1 mm × 30 μm) before and during the thermal shock process. In this example, a 1 s 100 mA current (or 1.54 W) pulse was applied to the sample whose temperature was raised up quickly due to direct Joule heating. Carbon materials at high temperatures will emit bright light as a radiation source due to gray-body radiation, and the spectrum can be used for temperature evaluation according to black-body theory. The emission spectrum was collected by an optical fiber (400 μm, ocean optics) and dispersed using a spectrometer (Ocean Optics USB 2000+).

![Characterization of the rapid high temperature thermal shock method. (a) Digital images of the CNF-PdCl~2~ sample before and during thermal shock. Scale bar: 2 mm. (b) Evolution of light emission intensity during the 1 s thermal shock treatment with a 100 mA current pulse. (c) Emitted light spectrum for the 1 s shock at 100 mA. The spectra are fitted to the gray-body radiation model using a temperature of 1944 K. (d) Light emission spectra at different times from 0 to 10 ms, covering both the heating and cooling of 5 ms thermal shock at 100 mA. (e) The temporal evolution of temperature and light intensity at 800 nm for the 5 ms thermal shock. (f) Temperature ramp rate for conventional furnace heating, 1 s thermal shock, and 5 ms thermal shock.](oc-2016-00374y_0002){#fig2}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b depicts the temporal evolution of emitted light intensity during the rapid high temperature process at 800 nm, and overlaid with the 100 mA pulse. The emission intensity induced by the 100 mA pulse saturated within 0.1 s, equilibrated, and subsequently dropped after the pulse ended. Both an ultrafast heating and cooling rate were achieved during the thermal shock process, owing to the direct Joule heating, the good thermal conductivity of carbon materials, and also small sample size. The full spectrum from 350 to 950 nm was collected and fitted to the gray-body radiation equation to determine the sample temperature during thermal shock ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c).^[@ref42]−[@ref44]^ Although carbon materials are not exactly a black-body source, they have a stable emissivity around 0.8 for the measured wavelength range to ensure the fitting accuracy.^[@ref37]^ In this 1 s shock process, the estimated temperature was approximately 1950 K, which confirms that the temperature induced by the thermal shock method was more than enough for PdCl~2~ decomposition.

The exceptional temperature control via Joule heating can be further illustrated by an ultrafast 5 ms thermal shock duration ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d,e). The rapid thermal shock held for 5 ms is beyond the temporal resolution of commercial spectrometers. Thus, a specially designed spectrometer, capable of sub-millisecond diagnostics with a temporal resolution down to 2.5 μs, was used to monitor the thermal shock pulse as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d. Both the electrical pulse and above spectrometer were triggered at the same time for the measurement. Despite the thermal shock duration's being 5 ms, the emitted light was monitored from 0 to 20 ms to cover both the heating and subsequent cooling period. These spectra at different times during the shock were fitted to the gray-body radiation equation to extract the temperature vs time profiles ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e). As the spectrometer cannot properly detect below 1000 K, the temporal light emission at 800 nm was overlapped with the temperature evolution curve to illustrate the heating and cooling process. To heat from room temperature to the peak temperature of 2100 K takes a mere 5 ms, which roughly translates to a ramp rate of 400,000 K/s.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f summarizes and compares the ramp rates of the proposed thermal shock method to conventional heating in a furnace. For furnace-based heating, the heating/cooling ramp rate is limited to 10 K/min (\<1 K/s) due to slow radiation heating and an expansive heating volume. For electrically triggered Joule heating via thermal shock, the temperature increases by direct Joule heating effects and the size of the sample is orders of magnitude smaller than a conventional furnace chamber size. This enables the ramp rate for the proposed thermal shock method to be exceptionally large. For a 1 s thermal shock, the heating and cooling processes occurred within 100--130 ms ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), which corresponds to a heating/cooling rate of ∼15,000 K/s. For the 5 ms thermal shock, a 400,000 K/s heating rate was demonstrated ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e). Since initial cooling from 2100 to 1200 K takes only 5 ms (180,000 K/s), the cooling rate was roughly estimated to be ∼100,000 K/s for a total cooling time of 20 ms. Thus, the exceptional ramp rates of the Joule heating process and the ability to tune the thermal pulse time provide extreme kinetic control for the synthesis of nanoparticles.

Besides the formation of NPs on the CNFs, we also investigated the impact of the thermal shock method on the CNF substrate, and data is included in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00374/suppl_file/oc6b00374_si_001.pdf). Although the high temperature achieved by the thermal shock process is much higher than the CNF carbonization temperature (600 °C), the thermal shock pulse is not detrimental to the substrate due to its short duration and the inert atmosphere during the application of the shock pulse. This is confirmed with Raman and XRD analysis that show no change before and after the thermal shock method. In contrast, our CNFs under extended pulse time (100 s) at high temperature carbonize the fibers further and result in substantial changes in both the Raman and XRD spectra. Therefore, a short thermal shock duration causes the sample to reach high enough temperatures to induce thermal decomposition with minimal impact to the substrate (i.e., CNFs). Substrates typically cannot withstand the (high) temperatures of conventional processing techniques, which demonstrates the unique potential of the proposed high temperature synthesis method.

The microstructure of the *in situ* synthesized Pd nanoparticles on the CNF matrix was examined by SEM and TEM. Based on the thermal pulse duration, the proposed rapid thermal shock method creates nanoparticles with specific sizes and distributions. After a 1 s thermal shock at 100 mA, Pd nanoparticles are uniformly distributed across the entire CNF sample ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). The formation of metallic Pd nanoparticles from PdCl~2~ by thermal decomposition was confirmed by X-ray photoelectron spectroscopy (XPS) ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00374/suppl_file/oc6b00374_si_001.pdf)), showing the metallic Pd 3d peak. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c are TEM images of the aforementioned Pd nanoparticles with an average size of approximately 27 nm. The as formed Pd nanoparticles are anchored to the CNF surface, ensuring the maximum exposure of NPs as contrast with NPs buried inside the carbon matrix.^[@ref45],[@ref24],[@ref9],[@ref5],[@ref10]^ The attached Pd nanoparticles were firmly anchored onto the CNF surface, which was verified by sonicating the TEM samples for several hours in ethanol before imaging the well-preserved NPs. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d,e exhibits Pd nanoparticles on CNF using a 100 mA pulse for 5 ms. Using a short thermal shock duration, the average Pd NP size is approximately 4 nm. This verifies the proposed mechanism where an extremely short shock duration enables the synthesis of smaller nanoparticles due to temporal limitations on mass diffusion and migration. The synthesized Pd NPs possess a highly crystalline structure as shown in the high-resolution TEM image ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). Thus, the rapid thermal shock method can fabricate high purity nanoparticles on carbon-based materials in a facile manner.

![Microstructure of Pd/CNFs using the rapid thermal shock method. (a) SEM image and (b, c) TEM images of Pd nanoparticles formed on CNFs by a 1 s thermal shock treatment. (d, e) TEM images of Pd nanoparticles formed on CNF by a 5 ms thermal shock treatment. (f) HAADF-STEM image and EDX elemental map of the Pd/CNF sample fabricated with a 1 s thermal shock. (g, h) Atomic-scale HAADF-STEM image of a Pd nanoparticle formed on CNF surface along the \[11̅0\] zone axis. Twin boundaries (TBs) and stacking faults (SFs) are present due to the nonequilibrium rapid thermal shock.](oc-2016-00374y_0003){#fig3}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f shows a typical low magnification high angle annular dark field scanning TEM (HAADF-STEM) image of the synthesized Pd nanoparticles on CNFs using a 1 s thermal shock. Since the intensity of the HAADF-STEM image is proportional to the atomic number *Z*^1.7^ of the sample,^[@ref46]^ the CNF matrix appears dark, however, the Pd nanoparticles can be easily identified. The energy dispersive X-ray mapping (EDX) illustrates the elemental distribution of Pd on the sample. The Pd mapping coincides with the nanoparticles on the CNF surface, which confirms the chemical composition of the synthesized nanoparticles. In order to obtain more detailed structural information on the synthesized Pd nanoparticles, atomic-scale HAADF-STEM was employed ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}g,h). The atomic-scale HAADF-STEM image coincided with the \[11̅0\] zone axis of the Pd nanoparticle since the *d*-spacing of the main lattice planes matches well with the (111) and (111̅) planes of the fcc Pd metal (*Fm*3̅*m*, *a* = *b* = *c* = 3.867, JPCDF 87-0645). Notably, this Pd nanoparticle contains several twin boundaries (TBs) and stacking faults (SFs) along the {111} planes, which are marked by red arrows in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}h. The existence of TBs and SFs in the Pd nanoparticles may have an effect on the electrocatalytic activity of the Pd/CNFs. More specifically, these planar defects are favorable in chemical reactions^[@ref47]^ and ionic diffusion^[@ref48]^ due to their high lattice energy.

In wet chemistry, Pd seeds or nanoparticles with sizes smaller than 10 nm form twin boundaries and thus icosahedral or dodecahedral structures to minimize the surface energy, which has been proven by both experimental and simulated results.^[@ref49]−[@ref52]^ Owing to the anisotropy in Pd crystal structures, the thermodynamically favorable forms are multiple twinned {111} structures. The synthesis of NPs by wet chemistry is near thermodynamic equilibrium and is achieved by controlling the reduction and growth rate of Pd atoms for selective facet growth. Such a slow reduction limits the concentration of Pd atoms and promotes the formation of thermodynamically favored twinned seeds, which can later evolve into icosahedral or dodecahedral structures. However, the nanoparticles synthesized by rapid thermal shock form disordered twin boundaries (TBs) and stacking faults (SFs) despite the high stacking fault energy of Pd ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}h and [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00374/suppl_file/oc6b00374_si_001.pdf)). The formation of such disordered TBs and SFs in large Pd nanoparticles may arise from the nonequilibrium synthesis process that occurs with the rapid thermal shock method. The ultrafast cooling rate could induce and lock SFs and TBs within the Pd nanoparticles to create the nonequilibrium metastable structure. In the rapid thermal shock case, Pd NPs are formed through ultrafast thermal reduction of PdCl~2~ into Pd atoms, where a huge amount of Pd atoms were reduced in milliseconds. Such an ultrafast thermal reduction gives an overwhelming amount of Pd atoms that will aggregate quickly and nucleate into nanoparticles during the rapid cooling process. In this case, the Pd atoms do not have enough time for the equilibrium growth and crystallization into well-ordered crystal structures and, therefore, form high concentrations of disordered TBs and SFs during the rapid condensation process.

The catalytic properties of the synthesized Pd/CNFs were also evaluated ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00374/suppl_file/oc6b00374_si_001.pdf)). A CNF matrix uniformly loaded with Pd nanoparticles is an ideal structure for electrical catalysis, specifically fuel cells, lithium--oxygen batteries, and flow catalysis, among others.^[@ref13],[@ref53]−[@ref55]^ The porous CNF matrix provides a conductive support structure for Pd nanoparticles while facilitating gases/solutions to flow throughout the structure for catalysis. In this work, we demonstrate the aforementioned Pd/CNFs for the favorable catalytic decomposition of methylene blue.

To evaluate the dependence of nanoparticle size and distribution on the high temperature thermal shock conditions, the Joule heating time and temperature were varied. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a--c exhibits SEM images of the Pd/CNFs formed with a 100 mA Joule heating over various shock durations (5 ms, 1 s, and 100 s). By altering the duration time of the high temperature synthesis, the average nanoparticle size and distribution change dramatically, where shorter thermal shock times lead to smaller nanoparticle sizes with narrower size distributions. More specifically, for the 1 s and 5 ms shock, the average nanoparticle size changed from 27.7 to 4.2 nm with a size distribution ranging between 4.5 and 0.5 nm, respectively. In contrast to the rapid thermal shock method, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c shows the SEM image of Pd/CNF subjected to 100 s of high temperature heating. The resultant Pd nanoparticles have a broad size distribution with a much larger particle size (∼140 nm) than the rapid thermal shock durations (5 ms and 1 s). Additionally, by 100 s of high temperature heating, some CNF areas were not loaded with Pd particles while others suffered from aggregation. This indicates that severe nanoparticle migration occurs with prolonged high temperature heating.

![Kinetic variations on the formation of Pd/CNFs. (a) TEM and (b, c) SEM images of the Pd/CNFs formed with a 100 mA thermal shock for 5 ms, 1 s, and 100 s, respectively. Insets are histograms of the particle size distribution for each thermal shock condition. (d) Average nanoparticle size as a function of shock duration time. As the thermal shock time decreases, the nanoparticle size becomes smaller with a more uniform distribution. Scale bar: standard deviation.](oc-2016-00374y_0004){#fig4}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d summarizes the average size of the Pd nanoparticles as a function of thermal shock time. It is clear that the size distribution is dominantly affected by thermal shock time as a temporal constraint in the NP synthesis: the faster thermal shock can lead to smaller size nanoparticles with narrower size distribution. The rapid thermal shock temperatures were also varied by tuning the applied current pulse (100 mA, 50 mA, and 20 mA) ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00374/suppl_file/oc6b00374_si_001.pdf)). Based on the temperature vs applied current plot ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00374/suppl_file/oc6b00374_si_001.pdf)), the thermal shock conditions for 100 mA, 50 mA, and 20 mA correspond to temperatures of 2000 K, 1700 K, and 1300 K, respectively. As the thermal shock changed from 100 mA to 50 mA, and to 20 mA, the average size changed subtlely from 27 nm to 21 nm, and to 19.7 nm. Therefore, compared to the size dependence on shock time, the dependence of nanoparticle size on shock temperature is much weaker.

Since the thermal decomposition of metal salts is a universal reaction mechanism, the synthesis of NPs with the proposed rapid thermal shock method can be easily extended to numerous other metals. By electrical Joule heating, the temperature of the thermal shock can reach ∼3000 K ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The high temperature achieved by the thermal shock method is high enough to decompose most metal salts, such as platinum (Pt), gold (Au), iron (Fe), tin (Sn), and nickel (Ni), among others.^[@ref56]^[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b exhibits a selected number of metal salt decomposition temperatures compared to the peak thermal shock temperature of the proposed high temperature synthesis method. Similar to the synthesis of Pd nanoparticles, when the metal salts are exposed to the sufficiently high thermal shock temperature for a short duration of time, metal nanoparticles can readily form. Au-, Fe-, and Sn-based CNF samples were Joule heated to ∼2000 K for 1 s to enable the *in situ* synthesis of uniformly distributed nanoparticles on the CNF surface. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c exhibits the synthesized NP/CNF (Au, Fe, Sn) samples to demonstrate the universality of the proposed high temperature thermal shock method.

![Rapid thermal shock as a universal NP synthesis method. (a) A plot demonstrating the high temperature (∼3000 K) achieved by Joule heating. The inset is a digital image of the sample during the high temperature process. (b) Thermal decomposition temperatures of metal (chloride-based) precursor salts. (c) Synthesis of NP/CNFs (Au, Fe, Sn) by thermal shock at 2000 K. Scale bar: 1 μm.](oc-2016-00374y_0005){#fig5}

In summary, we report a universal high temperature method for *in situ* synthesis of nanoparticles on a carbon fiber matrix using metal precursor salts. This high temperature thermal shock method can be used for a range of applications such as water treatment, energy storage, and electrochemical water splitting. With Pd nanoparticle as the model system in the study, we thoroughly investigated the temporal distribution of temperatures with high-resolution spectrometer down to milliseconds. The typical ramp rates are ∼400,000 K/s for heating and ∼100,000 K/s for cooling, which are orders of magnitude higher than values reported in the literature for other NP synthesis, and are crucial for achieving smaller nanoparticles with a more uniform size distribution. We extended the high temperature thermal shock method to the synthesis of other nanoparticles including Au, Fe, and Sn, suggesting that the method can be applied for the synthesis of a wide range of other nanoparticles with salt decomposition temperatures less than ∼3000 K.

Methods {#sec3}
=======

Preparation of CNF with Metal Salts {#sec3.1}
-----------------------------------

CNFs were prepared by electrospinning polyacrylonitrile (PAN) (Sigma-Aldrich) with a concentration of 8 wt % in dimethylformamide (DMF) at a voltage of 10 kV (spinning distance of 15 cm; rate of 1 mL/h). The as-spinned nanofibers were collected by a rotation drum at a speed of 80 rpm. The nanofiber mat was then stabilized at 260 °C for 5 h in air and carbonized at 600 °C in an argon atmosphere for 2 h to obtain the CNFs. The CNF film was then dipped in a 1 mg/mL PdCl~2~ solution (with vacuum assistance) and dried in an oven. The as-prepared CNF-PdCl~2~ film was used directly for high temperature thermal shock experiments.

Rapid Thermal Shock Synthesis {#sec3.2}
-----------------------------

Rapid thermal shock was realized by electrical Joule heating in an argon-filled glovebox. The CNF-PdCl~2~ film was connected to copper electrodes, and the interfaces were glued together with silver paste. The external current source was supplied by a Keithley 2400 SourceMeter. When the sample was exposed to high temperature, the emitted light was collected by an optical fiber and sent to a spectrometer (Ocean Optics). The measurement system was calibrated by a National Institute of Standards and Technology (NIST) traceable light source. For ultrafast thermal shock of 5 ms, which is beyond the resolution capability of optical fiber, we used a specifically designed online pyrometer with a 1200 groove/mm grating that can disperse the light at a spatial resolution down to 0.8 nm/mm. The dispersed light was then collected by a 32-channel PMT array to form the full spectrum, with a temporal resolution down to 2.5 μs.

Characterization {#sec3.3}
----------------

The microstructure and morphology of the prepared samples was observed with a Hitachi SU-70 FEG-SEM at 10 kV, a JEOL 2100 LaB~6~ TEM operated at 200 kV, and a JEOL TEM/STEM FEG also operated at 200 kV. A 22 mrad probe convergence angle was used to perform STEM imaging. HAADF detector in the JEOL 2100 FEG TEM with 90 mrad inner-detector angle was utilized to obtain the *Z*-contrast atomic resolution images. For EDS data collection, an Oxford X-max 100TLE windowless X-ray detector was utilized. The average particle size and distribution were determined by ImageJ software using at least three microscopy images per sample. Raman measurements were performed with a Labram Aramis model by Horiba Jobin-Yvon using a 532 nm laser and an integration time of 4 s, which was repeated at least four times per sample. XPS analysis was performed on a Kratos Axis 165 X-ray photoelectron spectrometer. XRD data was collected by a D8 Advanced (Bruker AXS, Fitchburg, WI, USA).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.6b00374](http://pubs.acs.org/doi/abs/10.1021/acscentsci.6b00374).Microstructure, Raman spectra, XRD and XPS analysis, catalytic properties of Pd/CNF, temperature dependence of NP size, and the power--temperature relationship by Joule heating of CNF ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00374/suppl_file/oc6b00374_si_001.pdf))
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